O between body fluids and drinking water of +1.6 ± 0.9 ‰ for semi-aquatic birds and of +4.4 ± 1.9 ‰ for terrestrial birds are observed. Surprisingly, no significant dependence to body temperature on the oxygen isotope fractionation between eggshell calcite and body fluids is observed, suggesting that bird eggshells precipitate out of equilibrium. 
O between body fluids and drinking water of +1.6 ± 0.9 ‰ for semi-aquatic birds and of +4.4 ± 1.9 ‰ for terrestrial birds are observed. Surprisingly, no significant dependence to body temperature on the oxygen isotope fractionation between eggshell calcite and body fluids is observed, suggesting that bird eggshells precipitate out of equilibrium. Two empirical equations relating the δ 18 O calc value of eggshell calcite to the δ 18 O w value of ingested water have been established for terrestrial and semi-aquatic birds. These equations have been applied to fossil eggshells from Lanzarote in order to infer the ecologies of the Pleistocene marine bird Puffinus sp. and of the enigmatic giant birds from the Pliocene. Both δ 13 C calc and δ 18 O calc values of Puffinus eggshells point to a semiaquatic marine bird ingesting mostly seawater, whereas low δ 13 C calc and high δ 18 O calc values of eggshells from the Pliocene giant bird suggest a terrestrial lifestyle. This set of equations can help to quantitatively estimate the origin of waters ingested by extinct birds as well as to infer either local environmental or climatic conditions.
Introduction
Stable oxygen and carbon isotope compositions of fossil remains from many vertebrate mineralized tissues (bones, teeth, scales) have been widely used to infer past ecologies (Clementz et al. 2006; Angst et al. 2014 ) and environmental conditions (Tütken et al. 2006; Tütken 2014; Amiot et al. 2015) . In the case of birds, however, stable isotope compositions of their remains are difficult to use as environmental indicators because of the absence of teeth in most fossil and in all extant species. Moreover, fossil bird bones can be strongly recrystallized as they are hollow or porous, and the cortical parts, the most mineralized ones, are extremely thin. On the other hand, eggshell remains can be found in large numbers in the sedimentary record dated back to the Early Cretaceous (Imai and Azuma 2015) .
Avian eggshell is a biomineralized structure composed at 95 % of calcite crystals embedded in an organic matrix composed of proteins specific to the uterus and eggshell (ovocleidins and ovocalyxins; Nys et al. 2004) , both anchored to the shell membranes at the base of the internal side and protected in the external side by the cuticle (e.g., Tyler 1969) . In the fossil record, only the inorganic part is potentially preserved and corresponds to the shell carbonate whose carbon is inherited from the ingested food while oxygen mainly derives from the bird body water (Folinsbee et al. 1970) , the latter reflecting the animal ecology in terms of terrestrial or aquatic lifestyle (Cerling et al. 2008 , Clementz et al. 2008 . Therefore, the carbonate component of the shell can be used to estimate the δ 13 C value of food and the δ 18 O value of drinking water, shortly before shell formation (Folinsbee et al. 1970; Von Schirnding et al. 1982; Schaffner and Swart 1991; Pokrovskaya et al. 2011; Mackenzie et al. 2015) . In turn, drinking water ingested from the immediate environment of the bird has an oxygen isotope composition reflecting its origin such as meteoric water or seawater, as well as local climatic conditions (Dansgaard 1964; Rozanski et al. 1993; Fricke and O'Neil 1999) .
However, using the oxygen isotope composition of eggshell calcite as a quantitative environmental proxy requires knowing the oxygen isotope fractionation between calcite and body water (α calc-bw ), as well as the 18 O enrichment between body water and ingested water (α bw-w ). These two isotopic fractionation factors have not been precisely determined so far, but previous studies have shown that the δ 18 O calc value is directly influenced by the oxygen isotope composition of drinking water slightly before and during oogenesis (Folinsbee et al. 1970) , which lasts between 15 and 20 h in modern birds (e.g., Von Schirnding et al. 1982; Schaffner and Swart 1991; Nys et al. 2004) . Moreover, it has been empirically determined that the oxygen isotope fractionation between inorganic or biogenic calcite and water precipitating at or near isotopic equilibrium is controlled by environmental temperature (Kim and O'Neil 1997; Anderson and Arthur 1983) . It is thus expected that the bird eggshell α calc-bw is also influenced by the bird body temperature (T b O w ). Indeed, egg white is produced by protein synthesis in specialized cells (tubular gland cells) and excreted to the lumen by a merocrine process. Water secretion (paracellular and cellular pathways) by the shell gland is responsible for the swelling or plumping which is taking place at the beginning and during the shell construction. The water present in the egg white is thus the water associated with the proteins (merely ovalbumin) excreted by the tubular gland cells, and the water originated from cell or interstitial fluid introduced in the protein mass during the Bplumping^of the egg white (Fertuck and Newstead 1970) . Moreover, 60 % of the total water content increase was intracellular and 40 % extracellular in the mucosa before shell calcification. Thus, the origin of the so-called plumping water or uterus secretion is exclusively body water. Because water transfer to the egg white does not imply a change of state or phase, no oxygen isotope fractionation is expected to occur.
Calcite-albumen water and albumen water-drinking water oxygen isotope fractionation factors have then been determined, and the putative effect of lifestyle (terrestrial or aquatic), body mass, and body temperature on the oxygen isotope compositions has been investigated. We adapted our sampling strategy to the tested hypotheses by (1) selecting a few key birds covering a large range of body mass and body temperature (ostrich, chicken, and quails), (2) concentrating the sampling effort on chicken eggs to assess intra-specific variability, (3) adding samples from two semi-aquatic species: Egyptian goose and Mallard duck, and (4) adding literature-extracted data that allowed us to cover a total of 23 bird species. Finally, eggshell calcite-drinking water oxygen isotope fractionation equations have been proposed and tested on oxygen isotope compositions of fossil eggshells recovered from one Pleistocene and one Pliocene locality of Lanzarote, Canary Islands.
Material
Forty-nine eggs from four bird species (chicken, Egyptian goose, mallard duck, and common quail) laid between November 2014 and May 2015 were collected from farms and zoos located in France, North America, Brazil, India, Finland, Lanzarote, Thailand, and England. The oxygen isotope compositions of their calcite and albumen water were measured along with that of local drinking water when available (Table 1) . When local water samples were not available, 
Average body temperatures of birds (Average T b ) come from Clarke and O'Connor (2014) , with the exception of the common quails for which body temperature comes from Feuerbacher and Prinzinger (1981) , and the Aegyptian goose for which body temperature was calculated using the body mass-body temperature relationship of Prinzinger et al. (1991) oxygen isotope compositions of local meteoric waters (δ 18 O w ) were approximated using an algorithm developed by Bowen and Wilkinson (2002) and refined by Bowen and Revenaugh (2003) . The dataset comes from the International Atomic Energy Agency/World Meteorological Organization (IAEA/WMO) Global Network for Isotopes in Precipitation by using the Online Isotopes in Precipitation Calculator (OIPC; Bowen et al. 2005; Bowen 2009 ). Additional published values (Table 1) were added to the dataset (Folinsbee et al. 1970; Erben et al. 1979; Sarkar et al. 1991; Schaffner and Swart 1991; Johnson et al. 1998; Pokrovskaya et al. 2011; Angst et al. 2015; Mackenzie et al. 2015) .
Analytical techniques
Oxygen isotope measurements of extant bird egg albumen and drinking waters
The chicken, goose, and duck egg albumens were delicately separated from the egg yolk after breaking the egg then sampled with a syringe. As it was observed that untreated albumen yielded poorly reproducible oxygen isotope compositions due to fermentation, about 3.5 mg of sodium azide (NaN 3 ) per milliliter of albumen was added. Prior to being analyzed, albumen samples were stored in hermetic bottles in a refrigerator at 4°C. Five aliquots of 600 μL of albumen for each egg were automatically reacted at 40°C with CO 2 for 12 h to allow oxygen isotope equilibration between albumen water and CO 2 , and analyzed using a MultiPrep™ system on line with a dual-inlet GV Isoprime™ isotope ratio mass spectrometer (IRMS), along with drinking water samples. Isotopic measurements of the five aliquots from each egg gave a standard deviation lower than 0.04 ‰ (Table 2 ). Overall reproducibility of δ 18 O values is ±0.1 ‰ by normalizing raw data to the isotopic ratios of Vienna Standard Mean Ocean Water (V-SMOW) and Vienna Standard Light Antarctic Precipitation (V-SLAP) international standards that were measured along with the samples.
Oxygen and carbon isotope measurements of bird eggshells
Extant bird eggshells were cleaned with distilled water then dried in an oven at 48°C for 24 h. Once dried, the thin inner organic layer was removed. Fossil bird eggshell fragments were cleaned in an ultrasonic bath with distilled water and dried at room temperature. Thin sections were cut at the BLaboratoire Transferts Lithosphèriques^in Saint-Etienne, France. The sections consist of 30-μm-thick slices perpendicularly cut through the long axis of the shell that were fixed to a glass slide with epoxy.
From the remaining fragments, the inner and outer surface layers were removed by mechanical abrasion in order to eliminate all the sedimentary residues. Eggshells were then ground into very fine powders in an agate mortar.
For each sample, an aliquot of about 500 μg was reacted with anhydrous oversaturated phosphoric acid at 90°C for 12 min and analyzed using an autosampler MultiPrep™ system coupled to a dual-inlet GV Isoprime™ IRMS. Carbon and oxygen isotope compositions are quoted in the δ notation in per mil relative to Vienna Pee Dee Belemnite (V-PDB). All samples were measured in duplicate and adjusted to the international reference NIST NBS19 analyzed during the same session. External reproducibility is ±0.1 ‰ for δ O values of calcite from V-PDB to V-SMOW was performed using the formula of Coplen et al. (1983) . In the results and discussion sections, stable isotope compositions are expressed in V-SMOW, mean values are given along with calculated standard deviation (SD), and the analysis of covariance (ANCOVA; see BResults^section) was performed using BPast^software (Hammer et al. 2001 ).
Results
Measured oxygen isotope compositions of extant bird eggshell calcite range from 20.9 to 28.0 ‰ (V-SMOW) and from 8.5 to 32.6 ‰ after including published values. Oxygen isotope compositions of extant bird egg albumen water range from −7.5 to +1.5 ‰ (V-SMOW). Both published and newly measured oxygen isotope compositions of extant bird drinking water range from −30.1 to +1.6 ‰ (V-SMOW; Table 1 ).
In order to test inter-individual variability in δ
18
O values among bird populations, ten chicken (Gallus gallus) eggs from the neighborhood of the Mont Pilat as well as four Egyptian goose (Alopochen aegyptiaca) eggs from the BParc de la Tête d'Or^have been analyzed (Fig. 1) . At Mont Pilat, chicken δ 18 O albw values of eggs laid in the winter season range from −4.2 to −3.3 ‰, and those of geese from Lyon range from −7.5 to −6.7 ‰. Calcite oxygen isotope Table 1) . The oxygen isotope fractionation factor α albw-w between egg albumen water and local water is calculated using the following equation:
This isotopic fractionation factor equals 1.00421 ± 0.00161 for the 39 chickens, 1.00131 ± 0.00100 for the five mallard ducks (Anas platyrhynchos), 1.00207 ± 0.00037 for the four Egyptian geese, 1.00759 ± 0.00054 for the three common quails (Coturnix coturnix), and 1.00399 for the ostrich (Struthio camelus; Angst et al. 2015) . The isotopic enrichment of albumen water relative to drinking water is expressed by their ε albw-w = (α albw-w − 1) * 1000, which equals +4.1 ± 1.7 ‰ for chicken, +2.1 ± 0.4 ‰ for goose, +1.3 ± 1.0 ‰ for duck, +7.6 ± 0.5 ‰ for quail, and +4.0 ‰ for ostrich (Fig. 2) .
Eggshell calcite-albumen water oxygen isotope fractionation factors α calc-albw equal 1.03041 for ostrich (Angst et al. 2015), 1.02725 ± 0.00027 for common quail, and 1.02896 ± 0.00113 for chicken, whereas for duck it equals 1.02848 ± 0.00153 and 1.02893 ± 0.00070 for goose. Here, calculated α calc-albw may correspond either to an equilibrium fractionation factor or to a kinetic fractionation factor. Indeed, corresponding ε calc-albw of +29.0 ± 1.1 ‰ for chicken, +28.9 ± 0.7 ‰ for goose, +28.5 ± 1.5 ‰ for duck, +27.2 ± 0.3 ‰ for common quail, and +30.4 ‰ for ostrich are much higher than those predicted by the experimentally determined (near) isotopic equilibrium fractionation factors (from +25.1 to +25.8 ‰) between inorganic calcite and water for the body temperature range (from 38.5 to 41.8°C; Clarke and O'Connor 2014; Feuerbacher and Prinzinger 1981; Prinzinger et al. 1991 ) of studied birds (Kim and O'Neil 1997) . If we assume that the oxygen isotope fractionation between calcite and albumen water is temperaturedependent as observed for biogenic calcites (Anderson and Arthur 1983; Kim and O'Neil 1997) , the eggshell calcite-body fluid isotopic fractionation factors are expected to be a function of the body temperature of the female bird uterus where eggshell precipitates. Interestingly, ε calc-albw values are out of the range of expected fractionation factors for biogenic calcites precipitated at isotopic equilibrium for similar temperatures (Fig. 3) , and no significant relationship between ε calc-albw and average body temperature (Table 1) is observed, but only a possible tendency revealed by specific average ε calc-albw values masked by the large variability measured on chickens and ducks (Fig. 3) . This observation suggests that bird eggshells precipitate out of isotopic equilibrium with body fluids. Consequently, no significant effect of body mass or basal metabolic rate on bird ε calc-albw should be observed either, as they are correlated to each other along with body temperature (McNab 1966; Lasiewski and Dawson 1967; Prinzinger et al. 1991) . Fig. 2 Oxygen isotope fractionations between modern bird albumen waters and drinking waters expressed as ε albw-w = (α albw-w − 1) * 1000 are plotted against their average body temperature. Small symbols represent individual measurements whereas large symbols correspond to the mean value (except for ostrich represented by a single value) Fig. 1 Oxygen isotope compositions of present-day chicken (Gallus gallus) and Egyptian goose (Alopochen aegyptiaca) egg calcites plotted against egg albumen waters On the one hand, body fluids of terrestrial birds are about twice to three times more 18 O-enriched than those of semiaquatic birds (Fig. 2) , therefore suggesting that the magnitude of 18 O-enrichment of albumen water relative to drinking water is related to the ecology of birds. It is worthy to note that similar body water 18 O-enrichment differences occur in mammals (Koch 2007) . On the other hand, the oxygen isotope fractionation factors between eggshell calcite and body water of birds of various ecologies and physiologies are close to each other. In agreement with these results, we observe that the oxygen isotope compositions of the eggshells are linearly correlated to the drinking waters of the birds (Figs. 4  and 5) . Consequently, two linear relationships are proposed, one for semi-aquatic birds (Fig. 4) and one for terrestrial birds (Fig. 5) . For semi-aquatic birds, we added literature data (Schaffner and Swart 1991; Pokrovskaya et al. 2011; Mackenzie et al. 2015) 
Published data (Erben et al. 1979; Sarkar et al. 1991; Johnson et al. 1998; Angst et al. 2015; Folinsbee et al. 1970) were also added to calculate the equation for terrestrial birds: Folinsbee et al. (1970) , Erben et al. (1979) , Sarkar et al. (1991) , Johnson et al. (1998), and Angst et al. (2015) . The corresponding linear regression line (ordinary least square regression; plain line) is drawn along with associated 95 % confidence bands (dashed lines). Symbols in brackets are considered as outliers and have not been considered for the regression calculation O calc values of their eggshell calcite using data from Table 1 as well as published values from Schaffner and Swart (1991) , Pokrovskaya et al. (2011), and Mackenzie et al. (2015) . The corresponding linear regression line (ordinary least square regression; plain line) is drawn along with associated 95 % confidence bands (dashed lines)
An analysis of covariance (ANCOVA; Sokal and Rohlf 2009) indicates that equality of slopes cannot be rejected (F 1, 60 = 0.0746; p = 0.7858), whereas intercepts' equality can be rejected at p < 0.005 (F 1, 60 = 37.91).
Discussion
Meaning of the oxygen isotope compositions of modern egg calcite and albumen water 18 O-enrichment between albumen water and environmental water drunk by birds differs between terrestrial and semiaquatic birds. Indeed, ostriches, common quails, and chickens have albumen water O-enriched by about +4 to +8 ‰ relative to drinking water whereas Egyptian geese and Mallard ducks have an enrichment of about +1 to +2 ‰ (Fig. 2) . A semi-aquatic lifestyle limits water loss through cutaneous evaporation, a process that tends to enrich remaining body fluids in 18 O. Whereas birds can use more or less cutaneous water loss to help regulate their body temperature (Dawson 1982) , aquatic birds also use their aquatic environment to regulate their body temperature through heat exchange with the water they bath in (Bicudo et al. 2010) , thus reducing the need for cutaneous or respiratory evaporation (the latter leading to dehydration). This has been particularly well studied on mammals and reptiles but poorly in birds (Hadley 1980) . Water turnover in aquatic and semi-aquatic animals that ingest a significant amount of water along with their food and excrete the surplus through urine and feces tends to limit body water 18 O-enrichment, thus amplifying the observed difference between terrestrial and semi-aquatic vertebrates. Increased ingestion of water by aquatic birds during feeding is well known as most of them do not have any filtration system. Therefore, a large amount of water is effectively ingested by the birds along with their prey or aquatic plants, thus contributing to reduce the body water-drinking water 18 O-enrichment. These effects can also be observed in the oxygen isotope composition of vertebrate bone or tooth phosphate (Koch 2007) , and have been identified in mammals (Cerling et al. 2008 , Clementz et al. 2008 ) and reptiles (Amiot et al. 2010) .
Variations in the oxygen isotope fractionation between albumen water and bird eggshell calcite do not seem to depend on the bird body temperature, and calculated ε calc-albw for birds are out of the range of ε calc-w measured for biogenic and inorganic calcites precipitated at similar temperatures ( Fig. 3 ; Anderson and Arthur 1983; Kim and O'Neil 1997) . It is thus proposed that eggshell calcite does not precipitate in isotopic equilibrium with the body fluids inside the oviduct as previously suspected (Folinsbee et al. 1970) , most likely as a result of the mode of eggshell formation. Eggshell mineralization is regulated by organic constituents located in the uterine fluid and specifically devoted to the calcification process (Nys et al. 2004 ). This fluid is over-saturated in calcium and bicarbonate ions and its composition changes at each step of eggshell formation, thus modifying the kinetics of calcium carbonate precipitation (see Nys et al. 2004 ). Eggshell mineralization is the fastest one known to date, operating approximately at 0.33 g per hour for G. gallus (Nys et al. 2004 ); therefore, it can be assumed that calcite growth is so fast that isotopic equilibrium cannot be reached. Kinetic effects may also partly explain the sizeable variability observed among the ε calc-albw values for G. gallus (Fig. 3) .
Several factors may explain the observed variability between eggs of different clutches and within the same clutch. In barnacle geese, an average total increase of 0.95 ± 0.19 ‰ in δ
18
O calc values was observed between the first and the last eggs of a given clutch, which was attributed to a possible increase in body water loss during the formation of eggs (Pokrovskaya et al. 2011) . Ambient temperature may constitute another potential source of variability as it controls the need of oxygen in endothermic vertebrates to maintain the basal metabolic activity and body temperature. Variations in the amount of oxygen consumption result in variations of 18 Oenriched metabolic water production that in turn affects the oxygen isotope composition of body water (Luz and Kolodny 1985; Kohn 1996) . Birds increase their metabolic activity to regulate their body temperature when they are exposed to low environmental temperatures, especially because of their low body mass (Gardner et al. 2011 ). On the contrary, when birds are subjected to elevated temperatures, they regulate their physical temperature by oral and cloacal water vapor loss (Hoffman et al. 2007 ). Based on the present dataset, however, no significant relationship is observed between α albw-w values Fig. 6 Oxygen isotope fractionation between modern chicken albumen water and drinking water plotted against the average air temperature of the month of egg laying (Table 1) and local mean air temperatures (Table 1 ) obtained for the month of egg laying (Fig. 6 ). This observation may either suggest that the contribution of metabolic water variations is insignificant relative to the body water reservoir in terms of oxygen isotope budget, or that such expected relationship is overprinted by other sources of variability. Indeed, this variability could also be due to the uncertainty regarding the precise oxygen isotope composition of ingested water (in some cases, collected local waters such as tap water or rainwater may slightly differ from the one effectively drunk by the birds). Stress experienced by chickens due to their captivity conditions may constitute another source of unexpected variability as it would raise the metabolic water production as a result of anomalously elevated metabolic activity, glucose production and utilization (Guillette et al. 1995) . The increase of metabolic water production that is 
O calc calculated for semi-aquatic and terrestrials birds significantly differ from each other in terms of their y-intercepts. This result supports the need of at least two calcite-water oxygen isotope fractionation equations for birds. The use of these oxygen isotope empirical fractionation equations implies either that the ecology of birds laying eggshell must be already known or that it could help identify their ecology considering other data such as diet, physiology, climate, and paleogeography. In order to test the validity of these equations, we have analyzed the oxygen isotope compositions of fossil eggshells from the seabird Puffinus recovered from the Pleistocene sedimentary deposits of Lanzarote Island. An application of these equations is also proposed to the eggshell remains of a Pliocene giant bird of Lanzarote, the ecology of which, either terrestrial or marine, is still a source of debate in the literature.
Application to fossil bird eggshells from Lanzarote
Fossil eggshells from Lanzarote (see Sánchez-Marco (2010) for a review of fossil avian remains, including eggshells, from the Canary Islands) consist of three fragments of large eggs attributed to a giant bird recovered from the Pliocene of Valle Grande, North of Lanzarote, as well as two eggshell fragments of the shearwater Puffinus sp. collected in the Pleistocene deposits of La Graciosa Island, located north of Lanzarote (Fig. 7) . Two extinct species of puffins were identified in the Canary Archipelago, the lava shearwater (Puffinus olsoni, McMinn and Jaume 1990) and the dune shearwater (Puffinus holeae, Walker et al. 1990) , as well as the extant Puffinus puffinus (Sánchez Marco 2010). As analyzed shell fragments are not diagnostic at the species level, they are referred as Puffinus sp. (Table 3) .
Prior to analysis of the stable oxygen and carbon isotope compositions of the eggshell calcite, preservation of the original crystalline structure has been assessed. Thin sections of eggshells have been examined using an optical microscope at (Fig. 8) . The photomicrographs have revealed that the original microstructure of eggshells was fully preserved, with the presence of two distinct layers (prismaticpalisade and mammillary) defining an organization shared by all the bird eggshells (Mikhailov 1991 (Mikhailov , 1997 . The preservation of the original microstructure of calcite crystals suggests that these fossils did not suffer any extensive process of recrystallization in the presence of post-depositional diagenetic fluids, and likely retained their pristine carbon and oxygen isotope compositions. It is noteworthy that fossil eggs have a strong probability to have been fertilized. During embryonic development, part of the eggshell calcium is absorbed for the growth of the embryo skeleton, leading to a reduction of the thickness of the shell. It has been shown on black-headed gull eggs (Larus ridibundus) that this process of shell dissolution during embryonic development does not affect the stable oxygen and carbon isotope compositions of the remaining eggshell calcite (Maurer et al. 2011) . Therefore, fossil eggshells are expected to have retained their original isotopic compositions whatever the embryonic stage at which they have been fossilized. Eggshell fragments of Puffinus sp. have δ
18
O calc values of 28.8 ± 0.1 ‰ (V-SMOW) and δ 13 C calc values of −4.9 ± 0.7 ‰ (V-PDB; Table 3 ). As seabirds eat fish, the δ
O calc values of their eggs reflect the marine diet of the females just before and during egg formation (Von Schirnding et al. 1982) . By comparing δ 13 C calc (‰ V-PDB) values of Puffinus sp. to data from Schaffner and Swart (1991;  Fig. 8 ), the mean δ 13 C calc value matches that of modern piscivorous birds foraging in pelagic environments. During feeding, the bird also gulps down a certain amount of seawater. It is thus expected that the oxygen isotope compositions of Puffinus eggshells reflect that of the local seawater. Applying Eq. (2) to O w value of −0.4 ± 4.2 ‰ (V-SMOW) is obtained and is close to the expected Central Atlantic Ocean water value ≈ 0 ‰. We emphasize that, keeping in mind the uncertainties associated with the calibration of the fractionation equation, this estimated value of −0.4 ± 4.2 ‰ for oceanic water would correspond to an interglacial period of the Pleistocene for which the mean oxygen isotope composition of the world ocean was estimated in the range −0.8 to −0.7 ‰ (Turekian et al. 2009 ).
The eggshell fragments of the Pliocene large birds from Valle Grande have a mean δ 18 O calc value of 29.3 ± 0.2 ‰ (V-SMOW) and a mean δ 13 C calc value of −10.3 ± 0.6 ‰ (V-PDB). Previous studies assigned these large fossil eggs either to a giant ground bird belonging to the ratites (Rothe 1964; Sauer and Rothe 1972) or to an extinct seabird belonging to the order Odontopterygiformes (Garcia-Talavera 1990). According to Schaffner and Swart (1991) , the mean eggshell δ 13 C calc value of −10.3 ± 0.6 ‰ indicates that these birds foraged in freshwater environments (Fig. 9) . It is therefore more plausible that the eggs were laid by ratites, a group of terrestrial herbivorous birds. The relationship established between eggshell calcite and ambient water for terrestrial birds is therefore applied to our data (equation 3) and led to the calculation of an ingested water δ 1 8 O w value of −3.1 ± 2.4 ‰. This value corresponds to low-latitude precipitations in near-coastal settings and is close to the mean annual value of rainwater experienced in the Canary Islands today (−1.9 ± 1.1 ‰; IAEA/WMO 2015). This calculated Pliocene δ
O w value is in fact close to one small freshwater aquifer occurring today in northern Lanzarote (Fuente de Gusa, N 29°1 3′ 42.9″, W 13°28′ 36.8″) and that we sampled (δ
O w value of −2.67 ± 0.06 ‰) at the end of August 2014. However, the estimated δ
O w value of ingested water of the giant birds only corresponds to the short period of eggshell formation (Von Schirnding et al. 1982) and does not represent the annual δ 18 O w value of rainwater. Moreover, the interpretation of these calculated δ
O w values depends on the egg-laying strategy: all year round or seasonally when the food is abundant. Modern ostriches, for example, lay eggs at the beginning of spring. These preliminary results suggest that the three eggshell fragments of Valle Grande belong to a ground bird as proposed by Sauer and Rothe (1972) .
Conclusion
Oxygen isotope compositions of eggshell calcite, egg albumen water, and drinking water of modern birds have been determined. At the first order, δ
18
O calc values of bird eggshell calcite are linearly correlated to those of their ingested waters. Albumen water of semi-aquatic birds is 18 O-enriched by +1.6 ± 0.9 ‰ on average relative to the ingested drinking water whereas it is 18 O-enriched by +4.4 ± 1.9 ‰ for terrestrial birds, thus reflecting their contrasted ecologies that imply distinct oxygen isotope budgets of body waters relative to their environment. From our data, no significant relationship between the eggshell calcite-body fluid oxygen isotope fractionation and either bird body temperature or body mass has been observed. All analyzed birds as well as those documented from the literature apparently share close calcite-water fractionation factors ranging from 1.02725 ± 0.00027 (quail) to 1.03041 (ostrich), probably caused by the fast kinetics of eggshell formation that prevents the isotopic equilibrium to be reached. Two distinct equations relating the oxygen isotope composition of bird eggshell to its ingested environmental water are proposed for terrestrial and semi-aquatic birds. These equations have been applied to δ
O calc values of well-preserved fossil bird eggshells from Lanzarote, Canary Islands, and provided δ
O w values of ingested waters that are in agreement with the hypothesis that these eggs were laid by terrestrial birds (ratites), and not by seabirds (Odontopterygiformes) as had sometimes been suggested. Taking into account that fossil avian eggshells are relatively abundant in the fossil record, the established equations would allow a better understanding of fossil bird ecologies and reconstruction of their past environments, including climatic conditions. 
